Brain serine proteases are implicated in developmental processes, synaptic plasticity, and in disorders including Alzheimer's disease. The spectrum of the major enzymes expressed in brain has not been established previously. We now present a systematic study of the serine proteases expressed in adult rat and mouse hippocampus. Using a combination of techniques including polymerase chain reaction amplification and Northern blotting we show that tissue-type plasminogen activator (t-PA) is the major species represented. Unexpectedly, the next most abundant species were RNK-Met-1, a lymphocyte protease not reported previously in brain, and two new family members, BSP1 (brain serine protease 1) and BSP2. We report full-length sequences of the two new proteases; homologies indicate that these are of tryptic specificity. Although BSP2 is expressed in several brain regions, BSP1 expression is strikingly restricted to hippocampus. Other enzymes represented, but at lower levels, included elastase IV, proteinase 3, complement C2, chymotrypsin B, chymotrypsin-like protein, and Hageman factor. Although thrombin and urokinase-type plasminogen activator were not detected in the primary screen, low level expression was confirmed using specific polymerase chain reaction primers. In contrast, and despite robust expression of t-PA, the usual t-PA substrate plasminogen was not expressed at detectable levels.
Cell migration and synapse formation during development appear to involve the ordered remodeling of the extracellular matrix (1-3). In brain, major extracellular matrix components include the collagens, laminin, fibronectin, thrombospondin, and diverse proteoglycans that play a central role in regulating the cellular microenvironment (4 -6) . Metalloproteases are generally held to play a central role in cleavage of extracellular matrix components during neuronal outgrowth, plasticity, and in disease states (7) . These are expressed as inactive zymogens that require proteolytic cleavage, predominantly by the serine protease plasmin, to gain full enzymatic activity. In turn, plasmin is activated by cleavage of its precursor, plasminogen, through the action of two further serine proteases, the plasminogen activators (PAs) 1 u-PA and t-PA (8) ; the paradigm for PA action is thus in converting plasminogen to active plasmin, initiating tissue remodeling.
High levels of PA activity are associated with the developing brain where cell migration and proliferation are active processes (9 -11) . PA activity is also documented in the adult hippocampus and the cerebellum (12), brain regions exhibiting activity-dependent structural plasticity (13) . Furthermore, t-PA expression is up-regulated by seizure, kindling, the induction of long term potentiation in the dentate gyrus (14) , and by motor learning in the cerebellum (15) . Although t-PA null mice showed no gross morphological abnormalities in the brain (16) , there were deficits in the maintenance of long lasting hippocampal long term potentiation (17, 18) ; they were also resistant to excitotoxic insults (19, 20) .
Another well characterized serine protease, thrombin, may also play a role in brain function. This trypsin-like protease is reported to be widely expressed in adult brain and has been shown to reverse neuroblastoma differentiation (21) , astrocyte stellation (22) , and to modulate neuronal response to injury (23, 24) . A potent thrombin inhibitor that is widely expressed in brain, protease nexin I, has also been implicated in the regulation of synaptic plasticity (25) .
Serine proteases are implicated additionally in the pathophysiology of Alzheimer's disease, a progressive neurodegenerative disease in which early dysfunction of the hippocampus is a prominent feature. The characteristic deposition of amyloid in brain is thought to result from abnormal proteolytic processing of the amyloid precursor protein (APP) (26) . Furthermore, APP itself contains a serine protease inhibitor domain (nexin II) of unknown function (27) .
The recent reports of a number of other distinct serine proteases and their inhibitors within the nervous system (28 -32) suggest a requirement for well regulated proteolysis in normal brain function. Nonetheless, the identities and abundances of the major brain serine proteases have not been established. In the present report we address the diversity of serine proteases present in adult brain. Our attention has focused on the hippocampus, a region wherein synaptic plasticity is well documented (33) and which is held to play a central role in the encoding of certain types of memory (34 -36) . Notably, synaptic plasticity in the hippocampus is accompanied by pronounced structural changes in spine morphology (37) , implying proteolytic remodeling, whereas early dysfunction of the hippocampal formation is a feature of Alzheimer's disease.
We have sought to determine the range of serine proteases expressed in this brain region and have focused on the principal group or "clan" of enzymes, encompassing chymotrypsin, in which the three invariant catalytic residues are present in the order NH 2 -His-Asp-Ser-COOH (38) . We present a systematic study on the different species expressed in rodent hippocampal formation. We report that at least 10 members of this clan, including two new family members, are expressed in this one brain region.
MATERIALS AND METHODS
cDNA Preparation-After terminal anesthesia (CO 2 ) of adult rats (Fisher) the hippocampal formation was dissected, including areas CA1-3 and dentate gyrus, subiculum, alvear and fimbrial fibers but excluding fornix and afferent structures such as septum and entorhinal cortex. Total RNAs were prepared by a standard acid phenol procedure (39) and poly(A) ϩ mRNA selected by affinity chromatography on oligo(dT)-cellulose. cDNA synthesis used oligo(dT) 12 and Superscript II reverse transcriptase (Life Technologies, Inc.).
PCR and cDNA Cloning-Hippocampus cDNA was amplified using degenerate primers (see Fig. 1 ; extended (5Ј) with octanucleotides containing EcoRI (upstream primer) or XbaI (downstream primer) restriction sites) and Taq polymerase (Promega) for 30 cycles (94°C, 1 min; 55°C, 1 min; 72°C, 1 min). Products were cloned into plasmids using a TA cloning kit (Invitrogen) or by conventional restriction enzyme cleavage (EcoRI plus XbaI) and religation. For hybridization screening, colonies were transferred to Hybond-N membranes (Amersham Pharmacia Biotech), denatured (0.5 M NaOH, 1.5 M NaCl, 2 min), renatured (1 M Tris⅐HCl, pH 7.4, 1.5 M NaCl, 5 min), rinsed, dried, and baked (2 h, 80°C). Hybridization as described (40) used probes radiolabeled by random primed DNA polymerization. Full-length cDNA cloning employed a rat hippocampal cDNA library (41) and/or PCR cloning of cDNA extremities by a previously described method. 2 For PCR analysis of known sequences, 1 g of poly(A) ϩ RNA from rat brain, liver, or kidney was reverse transcribed and PCR amplified using primers for hypoxanthine phosphoribosyltransferase (5Ј-dGGGGGCTATAAGTTC-TTTGCTGAC-3Ј and 5Ј-dCTTTTCCACTTTCGCTGATGACAC-3Ј), plasminogen (5Ј-dGGAGTACTGTGAGATTCCGTCC-3Ј and 5Ј-dGTG-GTGAAGCACCAAGGG-3Ј), prothrombin (5Ј-dCAGGCCTGACAT-CAACTCCACCAC-3Ј and 5Ј-dCACCACGCGCCCTCCTCATCC-3Ј), or u-PA (5Ј-dTCGTTGGGGGAGAATTCACTGTCG-3Ј and 5Ј-dT-GGGGCTGCTTGCACTGTTCG-3Ј). PCR was for 20, 25, or 30 cycles (94°C, 1 min; 55°C, 1 min; 72°C, 1 min). Products were visualized by electrophoresis (1.5% agarose) and blotted (Hybond-N membrane, Amersham Pharmacia Biotech) before hybridization.
DNA Sequence Characterization-Dideoxy sequencing of cDNAs in plasmid vectors used the Sequenase 2.0 kit (Amersham Pharmacia Biotech); to sequence larger cDNAs restriction enzyme subfragments were cloned into pBluescript. Sequence data, obtained from both strands, were analyzed and aligned using the University of Wisconsin Genetics Computer Group package (UWGCG version 8, 1994) .
Northern Analysis-Total RNAs (20 g) were electrophoresed on 1% agarose in the presence of 18% w/v HCHO, blotted (Hybond-N, Amersham), and baked (2 h, 80°C). Probes were prepared by random priming. After hybridization (40) membranes were exposed for autoradiography. The loading control probe was a 0.5-kilobase cDNA encoding the ubiquitously expressed rat ribosomal protein S26 (43) .
In Situ Hybridization-Frozen horizontal 10-m sections of brain were fixed (4% paraformaldehyde, 10 min), rinsed, treated with proteinase K (20 g/ml in 50 mM Tris⅐HCl, pH 7.4, 5 mM EDTA, 5 min), and refixed. After acetylation (0.25% acetic anhydride in 100 mM triethanolamine, 0.8% w/v NaCl, pH 8.0, 10 min) sections were dehydrated by passing though increasing v/v ethanol concentrations (30 -100% over 10 min). After chloroform treatment (5 min) and rinsing in ethanol, sections were dried. Hybridization (16 h, 50°C) with plasmid-generated riboprobes was in 4 ϫ standard saline citrate (1 ϫ SSC ϭ 0.15 M NaCl, 0.015 M Na 3 citrate), 50% v/v formamide, 10% w/v dextran sulfate, 1 ϫ Denhardt's solution, 0.1% SDS, 50 g/ml denatured salmon sperm DNA, 25 g/ml yeast tRNA. Slides were washed (4 ϫ 15 min, 1 ϫ SSC, 60°C; 2 ϫ 30 min, 1 ϫ SSC, 20°C), dipped into photographic liquid emulsion (NTB-2, Kodak), exposed, and developed according to the manufacturer's specifications.
RESULTS

Multiple Serine Proteases in the Rat Hippocampus; Two New
Enzymes-To address the spectrum of serine proteases expressed in rat hippocampus, PCR based on conserved motifs in the major (chymotrypsin-type) clan of serine proteases (Fig.  1A ) was used to amplify and clone products from rat hippocampus cDNA. The most frequent products (t-PA and RNK-Met-1, below) were used to screen a further 1,000 clones. Clones hybridizing at high stringency were excluded, and additional family members were sequenced.
Nine different serine protease sequences were initially detected; seven were characterized previously, and two corresponded to novel sequences, dubbed BSP1 (brain serine protease-1) and BSP2 (Table I ). All clones characterized contained sequence features and homologies characteristic of this class of enzymes (Fig. 1B) .
t-PA and RNK-Met-1 Are Expressed Abundantly in BrainThe major products obtained corresponded to t-PA and RNKMet-1. t-PA was reported previously in brain, but RNK-Met-1 was unexpected. Two experiments were performed to reinforce the conclusion that t-PA and RNK-Met-1 are the most abundant species expressed in hippocampus. First we performed amplification from mouse rather than rat hippocampus. In a small scale screen (30 clones sequenced) Ͼ50% of cDNAs from mouse brain again corresponded to t-PA plus RNK-Met-1, whereas chymotrypsin B and elastase IV were also identified (not presented). A single clone encoding Hageman factor, a sequence not detected in the rat hippocampal PCR product, was also obtained from mouse hippocampus (Table I) . . Panel B, alignment of nine amino acid sequences encoded by PCR products; regions corresponding to the primers, the catalytic triad, and all cysteine residues are underlined. These sequences derive from rat hippocampus; a final sequence (Hageman factor, not presented) was derived from mouse hippocampus (see Table I ) and was found to be identical (with the exception of primer homology regions) to the existing data base entry. Abbreviated names are: C2, complement factor C2; ChymB, chymotrypsin B; ElaIV, elastase IV; Pr-3, proteinase 3; as well as RNK-Met-1 and t-PA. For chymotrypsin B the Leu-Val change in the region corresponding to the 5Ј-primer is presumed to be an artifact of primer synthesis; for CTRL the single cloned PCR product analyzed contained a 5Ј-truncation caused by internal cleavage of the PCR product (EcoRI); for complement C2 the 3Ј-sequence terminated in a sequence complementary to the 5Ј-primer (translation product in italics).
Second, brain expression of t-PA and RNK-Met-1 was examined by Northern blotting (Fig. 2) . Expression of RNK-Met-1 was detected readily in lung and spleen as recorded earlier (44), but in addition, brain expression was detected at comparable levels ( Fig. 2A) . t-PA mRNA was represented abundantly, as expected, in a number of tissues and brain regions (Fig. 2B) . We then performed in situ hybridization to sections of adult rat brain using an RNK-Met-1 probe (the in situ distribution of t-PA mRNA being reported elsewhere; 12, 45). mRNA was detected in many brain regions; expression was particularly abundant in dentate gyrus, and lower levels were seen in hippocampal CA fields and in deep and superficial layers of the cerebral cortex (see Fig. 4, A-C) .
Sequences of BSP1 and BSP2-To characterize further the two new serine protease species obtained in this screen, fulllength cDNA cloning was performed. For BSP1, PCR amplification between a known sequence and oligo(dT) or a 5Ј-tail obtained the complete sequence. Full-length BSP2 cDNA was obtained from a rat hippocampal cDNA library. The sequences of the BSP1 and BSP2 cDNAs and the encoded polypeptides are presented in Fig. 3, A and B .
The deduced BSP1 translation product contains the features of a typical serine protease and is most closely similar to trypsin (40% sequence similarity) (Fig. 3A) . The predicted polypeptide (260 amino acids, ϳ28.6 kDa) contains a hydrophobic signal sequence followed by a sequence motif (Lys2Ile-LeuGlu-Gly), suggestive of activation of the precursor polypeptide by cleavage by a trypsin-like protease (46) . Cleavage at this site is predicted to liberate the active protease (ϳ25.1 kDa).
For the second new enzyme, BSP2, the deduced mature polypeptide is most similar to mast cell tryptase (32% homology) and also contains the triad of catalytic residues characteristic of this family of serine proteases (Fig. 3B) . However, we were unable to establish the start of the open reading frame unambiguously. The most likely initiation codon (ATG at position 89 in the cDNA) is out of phase with the remainder of the sequence and is followed by a chain termination codon (Fig.  3B) . In contrast, the open reading frame from position 121 (ACC, Thr) prefixes a long hydrophobic coding sequence (nucleotides 121-162), clearly indicative of a signal sequence, shortly followed by a likely cleavage sequence for a trypsin-like activating enzyme (Arg2Val-Val-Gly-Gly); the remainder of the polypeptide ensues. This predicts that the size of the mature BSP2 enzyme is 258 amino acids (ϳ28.4 kDa). To validate the potential frameshift in the vicinity of the ATG, genomic clones were obtained from two inbred laboratory strains of rat; both confirmed the sequence as depicted in the figure (not presented), ruling out the possibility that the apparent frameshift is a cloning artifact.
Substrate specificity is associated with the presence of particular amino acids within the protease backbone (47). In BSP1 as well as in BSP2, the Asp, Gly, and Gly residues at positions 189, 216, and 226, respectively (numbering according to chymotrypsin; Ref. 48) , indicates that both enzymes have tryptic specificity.
BSP1 Expression Is Restricted to the Hippocampus, whereas BSP2 Is Expressed More Widely in Brain-Northern analysis was performed to confirm brain expression of BSP1 and BSP2. The BSP1 probe yielded a signal at 1.3 kilobases in the hippocampal sample but not in other tissues or brain regions examined (Fig. 2B) . The BSP2 probe also identified a transcript at about 1.3 kilobases in cortex and hippocampus; a similar sized transcript was observed in testis but not in other tissues examined ( Fig. 2A) .
In situ hybridization to brain sections was then performed. BSP1 transcripts were found in the hippocampal CA subfields, TABLE I Serine protease sequences in rodent brain PCR products were generated from rat hippocampal RNA using degenerate primers corresponding to conserved regions of serine proteases of the chymotrypsin clan (Fig. 1) 
Nonspecific products were sequences that failed to contain any features indicative of members of the serine protease family.
b The single clone encoding Hageman factor was obtained in a small scale screen of PCR products from mouse hippocampus. NA, not applicable.
c The presence of prothrombin and u-PA sequences, but absence of plasminogen, was demonstrated by specific PCR amplification (see Fig.  6 ).
FIG. 2. Tissue distribution of RNK-Met-1, t-PA, BSP1
, and BSP2 mRNAs analyzed by Northern blotting. Tissue samples were: Br, brain; Te, testis; Mu, muscle; Sp, spleen; Li, liver; Lu, lung; He, heart; Ce, cerebellum; Cx, cortex; Hi, hippocampus; RB, remainder of brain once hippocampus, cerebellum, and cortex had been removed. Northern blots were hybridized with probes corresponding to RNKMet-1 and, after stripping, sequentially with probes corresponding to BSP-2 and the loading control S26 (panel A) and with probes for t-PA and subsequently with BSP1 and S26 as before (panel B).
with expression in CA1 and CA3 but only low level expression in CA2. Expression was also detected in the polymorphic layer of the dentate gyrus and within deep layers of the entorhinal cortex (Fig. 4, D-F) . No significant expression was detected in other regions of the adult rat brain; overall, expression was substantially restricted to the hippocampal formation.
Robust BSP2 expression was detected throughout the CA fields of the hippocampus and at a lower level in the dentate gyrus. Expression was also recorded in the superficial layers of the cerebral cortex and the motor trigeminal, medullary, and reticular nuclei (Fig. 4, G-I, see also Fig. 5A ).
Other Known Serine Proteases Are Expressed at Low Levels in Brain-Proteases elastase IV, proteinase 3, complement C2, chymotrypsin B, chymotrypsin-like protein (CTRL), and Hageman factor were also represented in hippocampal cDNA. However, in no case did Northern blotting of rat or mouse brain RNA reveal a detectable signal (not shown), indicating that expression levels are below the sensitivity threshold for this technique and correspondingly lower than those of t-PA, RNKMet-1, BSP1, and BSP2.
In situ hybridization revealed CTRL mRNA within the cerebellum and the hippocampal formation with diffuse expression throughout other brain regions (Fig. 5B) . Diffuse complement C2 mRNA was present throughout the brain, particularly in cerebral vasculature (Fig. 5, C and D) . Elastase IV mRNA was present in cerebellum, deep and superficial regions of the cerebral cortex, and the CA1 field of the hippocampus (Fig. 5 , E and F). A very low level of proteinase 3 and chymotrypsin B expression was also confirmed in brain by in situ hybridization (not shown).
Plasminogen mRNA Is Not Expressed in Brain, whereas Prothrombin and u-PA mRNAs Are Expressed Only at Low
Levels-Although t-PA mRNA is represented abundantly in brain, clones corresponding to its usual target, plasminogen, were not obtained. Our analysis also failed to reveal sequences encoding (pro)thrombin and u-PA, two additional enzymes reported in rat brain (49, 50) . Because Northern analysis of brain RNA failed to generate detectable signals using u-PA, prothrombin, or plasminogen probes (not shown) we used a more sensitive PCR-based assay. cDNA prepared from brain and positive control tissue (liver or kidney) was amplified using specific primers. An internal control employed coamplification of sequences encoding the ubiquitously expressed enzyme hypoxanthine phosphoribosyltransferase. Genomic DNA contamination was not a complicating factor because the primers amplify across substantial introns. Southern hybridization was used to confirm the identities of the PCR products.
Low level expression of prothrombin and u-PA was confirmed by specific PCR (Fig. 6, A and B) . In contrast, specific PCR amplification of plasminogen sequences from total brain cDNA failed to generate a detectable product, whereas a strong product was obtained from the control tissue, liver. Both brain and liver yielded an easily detectable product corresponding to hypoxanthine phosphoribosyltransferase (Fig. 6C) , confirming the integrity of the brain and liver cDNA preparations. We conclude that the level of plasminogen expression in rat brain is below the detection limit of the very sensitive PCR procedure employed. DISCUSSION We have explored the identities of the major serine proteases expressed in the central nervous system. We focused on the rodent hippocampus, a brain region in which synaptic plasticity is well characterized and which is thought to contribute to the formation of certain types of memory. Using a combination of techniques, including the use of PCR amplification based on conserved regions in the major (chymotryptic) clan of serine proteases, we demonstrate the presence of mRNAs corresponding to 12 serine proteases, including two new family members (BSP1 and BSP2, for brain serine protease). The most abundant species, confirmed by Northern blotting, corresponded to t-PA (63% of cloned rat hippocampus PCR products), RNK-Met-1 (26%), BSP2 (3.9%), and BSP1 (0.8%). Expression of the remaining eight species was not detected by Northern blotting (Table I) ; these are probably expressed at much lower levels.
We surmise that this distribution is a reliable estimate of the major serine proteases present in brain. Although the inherent bias of the PCR approach leaves open the possibility that our analysis might have failed to identify one or more major serine proteases expressed in hippocampus, we think this unlikely. First, although there was some bias, the abundance of the individual PCR products detected is grossly paralleled by their mRNA levels as determined by Northern blotting. Second, the known brain serine proteases not detected in our study all contain sequence motifs matching the primers employed; their absence is more consistent with low level expression than with PCR bias. Our one caveat is that the secondary screen removed sequences hybridizing at high stringency with t-PA and RNKMet-1 probes; we would therefore fail to detect low abundance products that are extremely similar to these two species.
t-PA and RNK-Met-1-t-PA was recorded previously in mouse brain (12) with expression detected in microglia and some hippocampal neurons (19, 51) . In rat, brain expression was restricted to the ventricular ependyma and olfactory nerve layer (52) with additional expression in subcommissural organ and cerebellar Purkinje neurons (45) . However, widespread expression in rat brain revealed by our Northern analyses indicates that the rat and mouse patterns of expression are likely to be similar.
The second most abundantly expressed enzyme, RNK-Met-1, was unexpected. This enzyme was originally described in cytolytic T lymphocytes, wherein it was proposed to play a role in target cell death (44) . The initial characterization recorded no RNK-Met-1 expression in brain, in clear contrast to our results. However, we have confirmed strong brain expression by Northern blotting and in situ hybridization. The role of RNK-Met-1 in brain is unknown, although its substrate specificity (favoring cleavage after a Met residue) suggests that the enzyme might contribute to processing of the Alzheimer's APP by the ␤-secretase pathway, where cleavage after Met has been described (26). (A, D, and G) are autoradiograms of hybridized sections; center panels (B, E, and H), dark-field images of representative higher power images obtained after emulsion dipping of the sections; right panels (C, F, and I), images corresponding to the center panels but in which control sense rather than antisense probes were employed. CA1 and CA3, subregions 1 and 3 of the cornu ammonis (hippocampus); Hi, hippocampus; Cx, cortex; DG, dentate gyrus; Ec, entorhinal cortex.
Brain Serine Proteases BSP1 and BSP2-Both mRNAs are strongly expressed in brain. BSP2 has not been reported elsewhere, whereas we find BSP1 to be similar to a mouse serine protease "neuropsin" (28) that was reported after our characterization of BSP1. Sequence homology (92% at the amino acid level) and the concurrence between the expression patterns described in rat (this work) and in mouse (28) suggest that BSP1 may be the rat ortholog of this mouse enzyme.
Both BSP1 and BSP2 are most closely related to the tryptic subfamily of enzymes, whereas trypsin itself was not detected in hippocampus in our study. BSP1 mRNA is highly enriched in hippocampal formation, with expression restricted to the CA1 and CA3 fields and entorhinal cortex but with only low level expression in CA2. Expression was not detected in dentate granule cells. BSP2 is expressed more widely in brain, throughout the CA fields of the hippocampus, the dentate gyrus, and in the superficial layers of the cerebral cortex.
The BSP2 cDNA sequence was found to contain an unusual feature in that the most likely ATG for translation initiation was out of phase with the remainder of the open reading frame encoding the BSP2 polypeptide; this was confirmed by genomic analysis. Open reading frame conservation and robust expression argue against the product of a transcribed pseudogene. Although ribosomal frameshifting could be invoked as an explanation, we suspect an intractable sequencing artifact in the vicinity of the proposed initiation codon. Considerable secondary structure in the region of the ATG may support this interpretation.
Enzymes Elastase IV, Proteinase 3, Complement C2, Hageman Factor, and CTRL-In situ hybridization revealed these species at low to moderate levels in rat brain. Expression was not detectable by Northern analysis, indicating that their levels are significantly below those of t-PA, RNK-Met-1, BSP1, and BSP2.
Elastase activity associated with leukocytes and microglia (53) can be attributed to neutrophil elastase; brain expression of elastase IV, a pancreatic enzyme, has not been reported previously. In addition to a possible role in matrix degradation, elastase can cleave both protease nexin I (54) and APP, this latter at the COOH terminus of the ␤-amyloid domain, and could constitute a potential ␥-secretase (55) .
Proteinase 3 enzyme is one of three neutral proteases characterized in polymorphonuclear leukocytes (56) , thus brain expression within microglia may be anticipated. Complement protein 2 (C2) is one of a group of proteins responsible for the inactivation of invading pathogens; Hageman factor (factor XII), an enzyme involved in blood coagulation and complement activation, was also detected. Notably, a role for complement proteins in the brain is suggested by the fact that mice lacking active C5 exhibit altered glutamate receptor responses and accelerated excitotoxic damage after kainate infusion (57) . Hageman factor can activate latent growth and neuroprotective factors such as hepatocyte growth factor (58) and was reported in Alzheimer's disease plaques (59) .
Other proteases detected include chymotrypsin and the closely related protein CTRL; their specific function in this tissue is not known, although chymotryptic enzymes can cleave APP in vitro at the NH 2 terminus of the ␤-amyloid domain (60) .
Prothrombin and u-PA-We report low level expression of mRNAs encoding these two enzymes, confirming previous reports of their expression in rat brain (49, 50) . The low level expression of u-PA contrasts with the abundant expression of t-PA in rat brain, arguing that t-PA is the predominant PA in brain.
Plasminogen-The paradigm for t-PA action is in plasminogen activation; however, our analysis failed to provide evidence for local synthesis of plasminogen in rat brain. Sensitive genespecific reverse transcription and PCR were unable to detect plasminogen transcripts in whole rat brain RNA. This same result was obtained using an alternative set of PCR primers or using mouse instead of rat brain (not presented). Despite reports of plasminogen mRNA and protein in mouse hippocampus (51), our results argue that plasminogen production in brain is at least 10 3 -fold lower than in liver and is unlikely to be of major biological significance.
Brain t-PA is therefore unlikely to initiate a proteolytic cascade through the sequential activation of plasminogen and metalloproteases. We suggest that t-PA might play a different role. In support, knockout mice lacking either t-PA or plasminogen display different phenotypes. Microglial activation is attenuated in t-PA null mice but not in animals lacking plasminogen (51) . Possible alternative substrates for t-PA include hepatocyte growth/scatter factor and macrophage-stimulating protein. These growth factors, although proteolytically inactive, share sequence similarity with plasminogen and require proenzyme cleavage for activation. Hepatocyte growth factor, a neurotrophic factor, has been shown to be activated by t-PA mediated cleavage (61, 62) . The diversity of serine proteases expressed in brain suggests that this family may regulate neuronal function in a variety of different ways. In addition to extracellular matrix remodeling, growth factor activation, and receptor binding (as shown for e.g. thrombin and u-PA), the reported modulation of ion channel function by extracellular proteases (e.g. Ref. 63 ) adds a further dimension to their potential roles. The discovery of a serine protease, BSP1, expressed specifically in subfields of the hippocampal formation is of some interest; this implies that the hippocampus has a requirement for selective proteolysis which is unique to this brain region. Transcription regulatory elements derived from the BSP1 gene may lend themselves to selective exploration of hippocampal function in transgenic animal systems (64 -66) .
It is not known whether the primary roles of the BSP1 and BSP2 are, as we infer for t-PA, in the activation of latent growth factors or whether they instead participate directly or indirectly in structural remodeling. Notably, serine proteases with tryptic activity have been implicated in the processing of APP (67) , whereas the protease inhibitor domain (nexin II) of APP is active against trypsin (42) . Both BSP1 and BSP2 are trypsin-like, and interactions with APP/nexin II are likely. Further studies on these enzymes, including the elucidation of their substrate specificity and preparation of mutant mice, will be required to cast light on their roles in brain function.
